Introduction 6 reads, despite their higher error rate, can considerably improve classification accuracy 116 compared to shorter reads, and that this is especially true for specific taxa. 117
Methods

118
Genomic data 119 For each of four major taxonomic divisions (bacteria, fungi, animals, and plants), we 120 downloaded 20 genomes from GenBank (Benson et al. 2013) . Within each of these 121 divisions, we included genomes from a total of 22 classes, 46 orders, and 58 families ( Figure  122 1). 123 Read simulation 124 We simulated Nanopore reads using NanoSim 2.0.0 (Yang et al. 2017 ) with the default error 125 parameters for E. coli R9 1D data. This method uses a mixture model to produce simulated 126 reads with indel and error rates similar to real datasets. The error model is applied equally to 127 all parts of a read, and the read lengths are drawn from a distribution approximating real 128 data. To create simulated read data of specific lengths, we truncated the simulated reads no indels (which are extremely rare in Illumina data). We generated 1,000 reads for each 141 . CC-BY 4.0 International license author/funder. It is made available under a
The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/650788 doi: bioRxiv preprint genome, at three read lengths: 100 bp, 150 bp, and 300 bp (a total of 240,000 reads across 142 all taxa and lengths), and used only single end reads for all analyses. 143 Sequence Classification 144 We used BLAST 2.7.1 (Madden 2013 ) and Kraken2 (Wood and Salzberg 2014) for 145 sequence classification. We created a local custom database consisting of the NCBI nt 146 database (downloaded on Feb 8 2019) and the genomes of the 80 taxa that we used to test 147 classification success. We used the default alignment parameters for BLAST, except for 148 implementing a maximum e-value of 0.1. We used the match with the highest bit score for all 149 downstream analyses. For Kraken2 analyses we used the default parameters (in which the 150 k-mer length is 35 bp and default minimiser length is 31 bp). For Kraken2 we used the taxon 151 assigned by the lowest common ancestor (LCA) algorithm employed in Kraken2. 152
Accuracy metrics 153
To assess the effects of read length on classification accuracy we focus our analysis only on 154 how often a read is assigned to the correct taxon. For our simulated reads there are three 155 possible outcomes when querying a database (Table 1) . 156 We expect that taxa that are well represented in the database, and which have few closely 157 related taxa, will have high rates of true matches. Taxa with many close relatives in the 158 database will have many false matches. Taxa that are poorly represented in the database 159 will have high rates of failed queries. Both of these latter results are in a class usually 160 referred to as false negatives: we falsely infer taxon A is absent. However, they largely arise 161 from different mechanisms. Importantly, as genomic databases become more complete, we 162 expect the fraction of failed queries will decrease. At the same time we expect that the 163 fraction of false matches may increase, as more and more closely related taxa become 164 present in the database. The exact nature of this tradeoff is not well explored. Novel 165 statistical approaches, such as Bayesian re-estimation of species frequencies, may mitigate 166 Failed query (we infer taxon A is absent due to database paucity).
Mfail 171
There are other aspects of classification success that we do not focus on here. The first of 172 these is the notion of a true negative: a sequence that is known to not arise from any taxa, 173
should not return a match to any taxa. This is not a biologically realistic situation (all 174 sequences arise from a taxon), although this aspect is useful when trying to assess the 175 Thus, we use a simplified set of metrics (see Table 1 ) that are not intrinsically related to 186 community composition: true matches, false matches, and failed queries. We used our 187 . CC-BY 4.0 International license author/funder. It is made available under a The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/650788 doi: bioRxiv preprint simulated genomic sequence reads from 80 taxa to quantify these three outcomes at both 188 the genus and family level. To assign genus and family from species, we used the NCBI 189 taxonomy database (Federhen 2012 The critical difference between these metrics is that taxa which are poorly represented in the 198 database may nevertheless have high rates of classification success, although recall will 199 necessarily be low. However, as the fraction of failed queries approaches zero (which we 200 expect as genomic databases grow), these two metrics become equivalent. 201
Results
202
We first looked only at short read lengths to quantify the effects of sequencing technology 203 and classifier (BLAST or Kraken2) on recall at the level of genus. For both bacteria and 204 fungi, we found that recall was at or above 99.9% for Illumina reads of any length (100bp, 205 150bp, or 300bp), for both BLAST and Kraken2 (Fig. 2) . In strong contrast, for Nanopore 206 data, recall was far lower; approximately 25% for 100bp reads and increasing to 75% at 207 300bp. In general, Kraken2 had slightly lower recall than BLAST. Kraken2; red for reads classified using BLAST. Illumina reads exhibit consistently higher 214 recall; bacteria and fungi exhibit higher recall than plants or animals. 215 exception of Kraken2 classification of Nanopore reads (Fig. 3) . For each sequencing 228 method and classifier, classification success for plants and animals was low relative to 229 bacteria and fungi. For both Illumina and Nanopore, BLAST resulted in approximately 87% 230 and 97% of reads being correctly classified, for animals and plants respectively. However, 231
Kraken2 success was far lower, especially for Nanopore reads, peaking at 54% in animals 232 (Fig. 3) . Over this range of read lengths, we found only a weak relationship between read 233 length and classification success, in contrast to the results for recall. 234
It is perhaps expected that highly accurate Illumina reads would result in more accurate 235 taxonomic classification than long error-prone Nanopore reads. However, it is possible to 236 obtain Nanopore reads far in excess of 300bp (reads up to 2 megabase pairs have been 237 sequenced), so we next quantified recall and classification success for reads with lengths up 238 to 4,000 bp. Because such read lengths are not currently possible to obtain using Illumina 239 technology, we did not measure recall and classification success for Illumina reads of similar 240 lengths. 241
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For bacteria and fungi, median classification rates of Illumina-BLAST, Illumina-Kraken2, and 248 Nanopore-BLAST are almost exactly 100% for all read lengths. 249
250
We observed similar relationship between read length and recall for both BLAST and 251
Kraken2. For bacteria and fungi, recall increased from ~20% using 100 bp reads to almost 252 100% when using 1500 bp reads. For animals and plants we observed similar trends, 253 although at no point did recall approach 100%. However, long Nanopore reads surpassed 254 . CC-BY 4.0 International license author/funder. It is made available under a The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/650788 doi: bioRxiv preprint points at approximately 3000 bp for animals and 2500 bp for plants (Fig. 4, red and We also considered this metric at the level of family. In this case found that for animals, 267
Nanopore reads surpassed Illumina reads only at lengths close to 4000 bp, reaching 268 approximately 70% recall at this point (Supp Fig. 2) . However, for plants Nanopore recall 269
surpassed Illumina recall at 2500 bp, with 4000 bp reads yielding a recall of approximately 270 classification success rates for reads classified using Kraken2, while red indicates those 278 classified using BLAST. For animal and plants, the classification success of Kraken2 279 depends strongly on read length, and never surpasses BLAST or Illumina at any length. 280
281
We next examined classification success at longer read lengths. For BLAST we observed no 282 relationship between classification success and read length for any taxon (Fig 5.) . Bacteria 283 and fungi both had consistently high classification success (median 100%), while animals 284 and plants had lower classification success (median 82% and 96%, respectively). However, 285
for Kraken2 we observed a consistent increase in classification success as read length 286 .
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Finally, we tested classification success at the level of Family. In this case, we observed that 289 for BLAST, the classification success for plants was approximately 99% overall read lengths, 290 while for Kraken2 only 4000 bp reads reached this level. For animals, BLAST classification 291 success was approximately 95% over all read lengths, but for Kraken2 reached a maximum 292 of 85% at the longest read lengths (Supp . Fig. 3) . 293 
Discussion 294
Here we have compared the relative accuracy of taxon classification using simulated short 295 accurate reads (Illumina) and long, error-prone reads (Nanopore) with known ground truth. 296
We have used two simple metrics of success: recall (the ratio of correctly classified reads to 297 all reads) and classification success (the ratio of correctly classified reads to all classified 298 reads). We have tested taxon classification using a broad range of taxa, including bacteria, 299 fungi, animals, and plants. 300
Recall for both BLAST and Kraken2 was improved by the use of long reads, especially in the 301 case of animals and plants, for which recall improved almost three-fold as read length 302 increased from 300 bp to 4,000 bp. Generally both Kraken2 and BLAST achieved similar 303 levels of recall. The exception was for short reads for animals and plants, for which Kraken2 304 was more accurate than BLAST. 305
We found no relationship between classification success and read length for BLAST. This 306 proportion of correctly classified reads increases with read length by more than 50% for both 312 plants and animals. 313
Our results also indicate that recall for long Nanopore reads was equal to or higher than 314 short Illumina reads. This was true regardless of kingdom, or classification method, withand fungi, depending on the methodology (Fig. 4) . Even the longest Illumina reads, at 300 318 bp, were outclassed by Nanopore at between 3500 and 4000 bp, depending on 319 methodology. These results do suggest that one approach to improve Nanopore 320 classification accuracy is to impose minimum read lengths. This can be achieved by 321
performing size selection during library preparation or during computational analyses. 322
At first glance, then, there appears to be a clear trade-off between short read Illumina and 323 long read Nanopore sequencing for metagenomic analyses. While Nanopore allows higher 324 recall at long read lengths, this advantage is offset by the fact that Illlumina generally 325 provides more reads per run. At most, recall for Nanopore improves 50% beyond 300 bp 326
Illumina reads, while classification success is similar (using BLAST). Thus, if the read 327 capacity of Illumina runs is 50% or more than Nanopore, the number of classified reads will 328 be maximised using Illumina technology -on a per sequencing run basis. However, for many 329 researchers the more relevant metric is cost per read. In this case, MinION read yields are 330 approximately equal to MiSeq, and only HiSeq or NovaSeq provides a clear cost advantage 331 over Nanopore MinION. On the other hand, cost per read for PromethION are not far from 332
NovaSeq. Thus, we find no clear advantage in using Illumina over Nanopore given the 333 observed classification accuracy for long inaccurate Nanopore reads. 334
Differences in accuracy between bacteria, fungi, animals, and plants 335 We find very large differences in classification accuracy (mostly in terms of recall) for 336 bacteria and fungi versus plants and animals. The discrepancy between taxonomic groups 337 . CC-BY 4.0 International license author/funder. It is made available under a The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/650788 doi: bioRxiv preprint likely arises from a variety of factors. Among these are the higher degree of divergence 338 between bacterial species relative to animal and plant species, and the complexity of 339 bacterial genomes compared to eukaryotic genomes. We discuss these factors below. Fig.1 ). However, we expect this factor will 360 be mitigated in the future as genomic databases continue to expand and computational 361 search methods continue to improve. 362
However, there were strong differences in classification success. For short reads, Kraken2 365 classification success was far lower than BLAST. As read lengths increased, Kraken2 366 classification success approached BLAST. Part of this is likely due to longer reads allowing 367 multiple k-mer matches, decreasing the probability of a false positive classification. One 368 perhaps underappreciated advantage of Kraken2 over BLAST is that Kraken2 has reduced 369 sensitivity to structural variation within reads. As Kraken2 allows multiple k-mers to match 370 within a read, structural changes (e.g. inversions) are less likely to influence the outcome of 371 Kraken2 matching. Such structural changes may influence BLAST due to the matching and 372 extend algorithm. Thus for long reads, classifiers that are insensitive to synteny may be 373 more successful, especially for taxa in which structural rearrangements are common. 374
Conclusions 375
Here we have shown despite being error-prone, Nanopore reads are useful for metagenomic 376 classification due to their increased length, and that for plant and animal communities, the 377 classification accuracy of long Nanopore reads exceeds that of Illumina. We found that 378 classification accuracy is more dependent on the set of taxa being considered than on the 379 metagenomic classifier being used (Kraken2 or BLAST), and that this was true for both short 380 accurate (Illumina) and long error-prone (Nanopore) sequence data. Together these data 381 suggest that one consideration in selecting a metagenomic sequencing method (i.e. long or 382 short read) is the taxonomic group of interest. 383 The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/650788 doi: bioRxiv preprint
